ABSTRACT Chicken anemia virus (CAV) infection has been reported in various poultry industries worldwide. Since CAV infection is becoming increasingly prevalent, especially in local chickens of China, rapid CAV detection has become essential. The conventional diagnostic methods are time consuming and need special expertise. Therefore, in this study, we developed a specific and sensitive loop-mediated isothermal amplification (LAMP) assay for CAV detection by using multiple sequence alignment of VP2. This assay was performed at 61
INTRODUCTION
Chicken infectious anemia is a serious immunosuppressive disease in young chickens, which is caused by the Chicken anemia virus (CAV). CAV is prevalent worldwide, ever since it was first discovered in Japan in 1979 from contaminated vaccines (Yuasa et al., 1979; Rosenberger and Cloud, 1989; Natesan et al., 2006; Eltahir et al., 2011b; Kye et al., 2013) . CAV belongs to the family Circoviridae within the genus Gyrovirus. Its genome has 3 open reading frames, which encode VP1, VP2, and VP3 (Natesan et al., 2006) . VP1 encodes the capsid protein of CAV and is thought to be associated with viral antigenicity (Todd et al., 1990; Guelen et al., 2004) , VP2 is a nonstructural protein involved in producing neutralizing antibodies with VP1 (Koch et al., 1995; Noteborn et al., 1998) , and VP3 is regarded as an apoptosis-inducing protein (Claessens et al., 1991) .
CAV has been reported in chickens as well as in other species (Farkas et al., 1998) , and it can be spread through vertical transmission and horizontal transmis-sion (Otaki et al., 1987; Todd et al., 1995) ; thus, the rapid detection and monitoring of CAV is highly important. Currently, several methods are used to confirm infection with CAV, such as clinical diagnosis, etiological diagnosis, serological diagnosis, and molecular biological diagnosis. Polymerase chain reaction (PCR) and nucleic acid hybridization techniques are the 2 typical techniques of molecular biological diagnosis for CAV detection (Savan et al., 2005; Lazcka et al., 2007) ; however, these methods are not suitable for clinical settings. Loop-mediated isothermal amplification (LAMP) is a novel nucleic acid amplification method, which can be performed under isothermal conditions (Notomi et al., 2000; Tang et al., 2012) or with impure templates; moreover, the results can be analyzed by the naked eye through a color change in the reaction mixture, thereby effectively decreasing the sample processing time (Nemoto et al., 2010) . LAMP assays have been widely used for the detection of various pathogens because of their high specificity, sensitivity, and rapidity (Liu et al., , 2014 Livingstone et al., 2016; StepienPysniak et al., 2018) . In this study, we developed a LAMP assay to detect CAV. Four specific primers were designed based on the multiple-sequence alignment of VP2 from CAV that recognizes 6 distinct sequences on the target with a characteristic of autocycling strand displacement DNA synthesis performed using Bacillus stearothermophilus DNA polymerase I. The LAMP assay for CAV detection showed no cross-reactivity to other avian viruses, and the sensitivity of the LAMP assay was higher than that of the conventional PCR. These advantages suggest that our diagnostic assay is useful for identifying CAV samples in the laboratory and in clinical settings.
MATERIALS AND METHODS

Virus Sources
The virus strains of CAV (M9905), reticuloendotheliosis virus (REV), infectious bursal disease virus (IBDV), Marek's disease virus (MDV), and subgroup J avian leukosis virus (ALV-J) were preserved by our laboratory. Strains of avian influenza virus (AIV), infectious bronchitis virus (IBV), and Newcastle disease virus (NDV) were provided by other laboratories in the Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences.
Primer Design
Multiple sequences of CAV isolates were aligned to obtain the conserved VP2 gene sequences (Accession numbers: EF176599; AF285882; AF311892; AF311900; AF390038; AF390102; AF475908; AY040632; AY839944; AY843527; AY999018; DQ124934; DQ124935; DQ124936; DQ141670; DQ141671; DQ141672; DQ141673; DQ217400; DQ217401; DQ991394; FJ172347). The LAMP primers were designed according to the conserved VP2 gene sequences using the program Explorer V4 (Eiken Chemical Co., Ltd., Tokyo, Japan). A forward inner primer CAV-FIP, a reverse inner primer CAV-BIP, and the outer primers CAV-F3 and CAV-B3 were used for the initiation of the LAMP reaction and showed in Table 1 . The conventional PCR primers U494 and L1042 were used for the conventional PCR test (Table 1) . Primers named P5 and P6 and probe of qPCR for CAV were designed as mentioned in a previous study (Song et al., 2009 ) and also showed in Table 1 .
CAV LAMP Reaction
LAMP reaction was performed using a loop-amp DNA amplification kit (Eiken Chemical Co., Ltd., Tokyo, Japan), and each 25-μL reaction system contained 1.6 μM of each inner primer (FIP and BIP), 0.2 μM of each outer primer (F3 and B3), 3.5 μL dNTP mixture (10 mM), 2.5 μL ThermoPol Reaction Buffer, 1 μL Best DNA polymerase, 5 μL Betaine solution (5 M), 1 μL MgSO 4 (0.2 M), 1 μL FDR (Eiken Chemical Co., Ltd., Tokyo, Japan) 4 μL deionized water, and 2 μL of either DNA extracted from clinical samples or the standard plasmid CAV-B+C which contained a complete CAV genome as a template. Then, the reaction was performed with 3 different temperature sets (61
• C, 63
• C, 65
• C) and the process was monitored by LA-320C real-time Turbidimeter (Eiken Chemical Co., Ltd., Tokyo, Japan) to determine the most appropriate reaction time and temperature. Finally, incubation at 61
• C for 60 min was selected as the optimal reaction condition and all the LAMP reactions in this study were carried out at 61
• C for 60 min.
PCR
PCR was performed with the primers U494 and L1042 with PrimeStar HS DNA polymerase under the following conditions: pre-denaturation at 95
• C for 5 min and 30 cycles of 95
• C for 30 s, 53
• C for 30 s, 72
• C for 45 s, followed by 72
• C for 7 min. Finally, PCR products were analyzed by electrophoresis on 1% agarose gels, followed by ethidium bromide staining. A DNA band at the position of 549 bp was regarded as the correct amplification product.
Quantitative PCR
The qPCR mixture contained 2.5 μL of 10 x Ex Buffer, 1 μL each of the P5 and P6 primers (10 μM), 2 μL of dNTP Mixture (2.5 mM), 1 μL of MgSO 4 (75 mM), 0.5 μL of TaqMan probe, 0.25 μL of Ex HS Taq enzyme, 14.75 μL of distilled water, and 2 μL of template. qPCR was performed with a predenaturation at 95
• C for 3 min and 40 cycles of denaturation at 95
• C for 15 s, annealing at 56
• C for 20 s, and elongation at 72
• C for 20 s. Fluorescent signal measurements were carried out during the elongation step.
Specificity Test
To confirm the specificity of this LAMP assay, we used the DNA or RNA extracted from viral pathogens of other common avian infectious diseases as a template, which included REV, IBDV, MDV, ALV-J, AIV, IBV, and NDV. And the viral RNA needed reverse transcription to synthesize the cDNA before the reaction. The specificity reaction was performed as the optimized reaction system and extended the reaction time up to 75 min to ensure that there was no non-specific reaction.
Sensitivity Test
To evaluate the sensitivity of this LAMP assay, conventional PCR, qPCR, and LAMP assays were performed using 10-fold serial dilutions or 2-fold dilutions of the virus-positive plasmid CAV-B+C (2.6 × 10 9 to 2.6 × 10 0 copies/μL) as templates. LAMP reactions were carried out as optimized condition at 61
• C for 60 min described above.
Repeatability Test
To verify the repeatability of this LAMP assay, 10-fold serial dilutions of the virus-positive plasmid CAV-B+C (2.6 × 10 4 to 2.6 × 10 2 copies/μL) from 3 independent experiments were used and the reaction was performed as described above.
Analysis of Clinical Samples
The clinical samples were used to validate the applicability of the CAV LAMP assay. A total of 171 clinical avian samples collected from different provinces in China were evaluated in this study. DNA was extracted from these samples according to the manufacturer's instructions for AxyPrep Multisource Genomic DNA miniprep Kit (AP-MN-MS-GDNA-50, AxyPrep), and the LAMP assay and conventional PCR detection were performed as described above.
RESULTS
Specificity of the LAMP Assay
In the specificity test, the presence of REV, IBDV, MDV, ALV-J, AIV, IBV, and NDV was determined by CAV-LAMP assay. However, only LAMP products from CAV-infected samples showed a typical color change and a LAMP reaction curve detected by turbidimeter; no cross-reactions were observed (Figure 1) .
Sensitivity of the LAMP Assay
The LAMP assay detected as little as 65 copies by using both 10-fold and 2-fold dilutions of the plasmid standard as template, while the conventional PCR detection approach detected as little as 2.6 × 10 3 copies, and qPCR detected as little as 2.6 × 10 1 copies (Figure 2) .
Repeatability of the LAMP Assay
As shown in Table 2 , the results showed that when the copy number is 2.6 × 10 4 , the mean time ±standard deviation (mean ± SD) for the LAMP curve Sensitivity of the LAMP assay for detection of CAV. A 10-fold serial dilutions or 2-fold dilutions of CAV-B+C plasmid standard from 2.6 × 10 9 to 2.6 × 10 0 copies were used as templates for the LAMP reaction performed for 60 min at 61
• C, for conventional PCR, and for qPCR. (A) Amplification of 10-fold dilutions of CAV plasmid standard monitored using an LA-320C real-time turbidimeter. Time is shown on the X-axis and optical density at 650 nm on the Y-axis. The black, blue, green, cyan, and red curves represent the amplification results for 2.6 × 10 4 , 2.6 × 10 3 , 2.6 × 10 2 , 2.6 × 10 1 , and 2.6 × 10 0 copies of template, respectively. (B) Amplification of 2-fold dilutions of CAV plasmid standard monitored using an LA-320C real-time turbidimeter. Time is shown on the X-axis and optical density at 650 nm on the Y-axis. The black, blue, and green curves represent the amplification results for 260, 130, and 65 copies of template, respectively. The cyan curve represents the amplification result for H 2 O. (C) Products of conventional PCR visualized by electrophoresis. M, DNA marker DL2000 (TaKaRa, China; with bands of 2,000, 1,000, 750, 500, 250, and 100 bp); Lanes 1-5, 2.6 × 10 5 ,2.6 × 10 4 , 2.6 × 10 3 , 2.6 × 10 2 , and 2.6 × 10 1 copies of template, respectively; Lane 6, H 2 O. (D) Amplification curves of CAV standard plasmid detected by qPCR, 1-9, 2.6 × 10 9 to 2.6 × 10 1 copies; 10, negative. beginning is 17.03 ± 0.63 min, and the coefficient of variation (CV) is 4%. When the copy number is 2.6 × 10 3 , the time mean ± SD to curve beginning is 22.03 ± 0.52 min, and the CV is 2%. When the copy number is 2.6 × 10 2 , the time mean ± SD to curve beginning is 29.47 ± 1.37 min, and the CV is 5%. CV values of interassay reproducibility indicated that this LAMP assay had good reproducibility.
Clinical Detection
Of 171 clinical samples, 115 samples were PCRpositive, 56 samples were PCR-negative. And, 117 samples showed LAMP positive, 54 samples showed LAMP negative. Moreover, 13 clinical samples were PCR positive but LAMP negative, and 15 clinical samples were LAMP positive but PCR negative. As shown in Table 3 , the coincidence rate was 83.6%.
DISCUSSION
In recent years, CAV has been reported in various poultry industries worldwide (Schat, 2003; Bhatt et al., 2011) . In China, CAV infection in chicken populations is increasing, especially in local chickens (Eltahir et al., 2011a; Zhang et al., 2013) , indicating that robust and rapid methods are required for the detection of CAV. The conventional diagnostic methods are time consuming and also require special expertise. LAMP is an isothermal process using B. stearothermophilus DNA polymerase I and does not require temperature cycling. Considering the advantages of rapid amplification, simple operation, easy detection, and decreased crosscontamination, LAMP has been developed for clinical diagnosis as it does not require sophisticated equipment or skilled personnel (Mori and Notomi, 2009) . In this study, we developed a LAMP assay for the detection of CAV, and this assay showed no cross reaction with a panel of other common avian viral pathogens. Moreover, the assay showed a high sensitivity with a detection limit of 65 copies, which is as sensitive as a qPCR-based assay and 40 times greater than that of the conventional PCR. Another advantage of this assay is that the results can be examined by inspection of color change instead of bands on agarose gel electrophoresis. Previous studies have shown that high sensitivity and output of LAMP can sometimes lead to false-positive amplification products due to cross contamination during the detection process of electrophoresis (Notomi et al., 2000; Nie, 2005; Tomita et al., 2008) . In this LAMP assay, the fluorescent dye FDR was added into the reaction solution, which enabled the results to be assessed directly based on color changes without opening the lid of the reaction tube, thereby reducing the possibility of contamination greatly (Wang et al., 2011a,b) . These advantages make LAMP assay a novel detection assay, worthy of use for clinical detection. In the clinical experiment, the positive coincidence rate between conventional PCR and LAMP assay was 83.6%, indicating that LAMP assay developed in this study was suitable for CAV detection in clinical settings. However, some questions still exist regarding LAMP amplification using a non-denatured template (Nagamine et al., 2001) . The LAMP assay can be widely used in the field of biology, medical science, and agriculture in the future with its advantages of rapid amplification, simple operation, and easy detection.
